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Abstract 

The experimental data, as well as theoretical considerations allow (and, in some cases, re- 
quire) the Universe at present to rest in a false vacuum, whose approximate stability imposes 
constraints on the model parameters. Under very general and mild conditions, the Universe 
would have ended up in the standard vacuum even if the potential has deeper minima, pro- 
vided there was a period in which the temperature was > 1 TeV. In many cases, the zero 
temperature tunneling rate is much smaller than the inverse age of the Universe. Future 
experiments may reveal that the physical vacuum is not entirely stable. Implications for the 
cosmological constant are discussed. 
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The question of the stability of the physical vacuum is of fundamental importance and 
has obvious scientific and cultural implications. If the Universe at present is in a metastable 
state with a lifetime of order billions of years, then its future evolution may be determined 
by a catastrophic phase transition into a lower-energy state. The past history of the big 
bang Universe would also be elucidated if we knew that it ended up in a false vacuum. 

This fundamental question has received a lot of attention since the advent of supersym- 
metry, which allows for a complicated structure of false vacua at the electroweak scale. When 
future experiments unveil the structure of the potential at the scale ~ 1 TeV, we may learn 
about the existence of states with lower energy density than that of the present vacuum. It 
is timely, therefore, to examine this issue in the light of recent theoretical developments. 

A generic feature of theories with (softly broken) supersymmetry is a scalar potential, 
V(<j>), that depends on a large number of scalar fields = (0i, For this reason, the 

scalar potential of the MSSM, unlike that of the Standard Model, may have a number of 
local minima characterized by different gauge symmetries. In particular, the supersymmetric 
partners of quarks, Q L and q~ R , may have non-zero vev in some minima, where the tri-linear 
terms AH 2 Q L q~ R and fiH 1 Q L t R are large and negative (here Hi 2 denote Higgs fields, A is the 
SUSY breaking parameter, and fi is the coefficient of H1H2 in the superpotential). These 
color and charge breaking (CCB) minima may be local or global, depending on the values 
of the MSSM parameters. There might also be directions along which the effective potential 
is unbounded from belowQ (UFB), in which case all the minima are local. 

Any of these local minima may serve as the ground state for the Universe at present, 
provided that the lifetime of the metastable state is large in comparison to the age of the 
Universe. The latter is plausible [[[], 0, [| because the tunneling rate in quantum field theory is 
naturally suppressed by the exponential of a typically large dimensionless number, the saddle 
point value of the Euclidean action [f|]. The probability of the first-order phase transition 
does not necessarily increase with the depth of the true vacuum relative to that of the false 
vacuum. In fact, there is a natural scale, the so called "escape point", which serves as an 

1 In such a case the effective potential would presumably receive large positive contributions near the 
Planck scale or next physics threshold, so that the apparently UFB direction would really correspond to a 
very deep minimum. 
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ultraviolet cutoff, such that physics at larger energy scales does not affect the tunneling 
probability (in semiclassical approximation). This non-perturbative decoupling allows one 
to treat the UFB directions on the same footing as the very deep minima of the potential |J|. 

It is possible to detect the metastability of the false vacuum empirically, at least in 
principle. The most direct way is to infer the structure of the scalar potential near its 
minimum from future collider experiments. Renormalizability forces V(<f>) to be a fourth 
degree polynomial, up to the terms that are suppressed by the powers of some large scale. 
Supersymmetry imposes further constraints on V. The global structure of the potential can 
then be derived in principle from its local properties near the minimum, possibly revealing 
new deeper minima. 

One can imagine a Gedanken experiment to determine directly whether the vacuum is 
true or false. The metastability implies that the scalar potential has a non-zero imaginary 
part 0]. Therefore, in principle, one could expect small breaking of T and CP, as well as 
SUSY, were they not already broken. However, if a metastable vacuum has existed for r v = 
10 billion years, then any effects of the metastability |J would be characterized by the scale 
< 1/t v ~ 10~ 33 eV, beyond any hope of being observable. These effects may, however, play a 
role in the early Universe in the false vacuum at the brink of a first order phase transition ||. 

Different minima of the scalar potential are characterized by different values of the cos- 
mological constant. However, contrary to recent claims || |7J, the cosmological constant 
problem is just as severe in the stable vacuum as it is in a metastable one. In fact, in a large 
class of Unified theories with unbroken local supersymmetry the cosmological constant can 
be fine-tuned to zero in any of the local minima, but not in the global minimum || , where 
the vacuum energy does not vanish even at the expense of naturalness. The cosmologically 
acceptable false vacuum is absolutely stable in this case because of the Coleman — De Luccia 
|| suppression of tunneling. 

Similarly, many models with dynamical breaking of supersymmetry predict the existence 
of a global supersymmetry preserving vacuum in addition to the standard vacuum with the 



correct pattern of gauge and supersymmetry breaking (see Ref. JT0[ and references therein). 
Since this may be the way SUSY is broken in the real world, the idea that we live in a 



2 



metastable vacuum appears rather plausible. 

Just about any of the proposed solutions jnj to the cosmological constant problem (none 
of which is fully satisfactory) would work equally well in a local, or global minimum. Clearly, 
all the anthropic considerations depend exclusively on the physical properties of the vacuum 
and its accessibility (discussed below) in the course of the evolution of the Universe. An 
intriguing possibility is some kind of an adjustment mechanism, similar to those discussed 
in Refs. JO], |I2| , which would naturally set the cosmological constant to zero regardless of 
its initial value. A mechanism of this sort would also be largely independent of whether 
the vacuum is true, or false. Finally, the cosmological constant may vanish because of some 
exact symmetry JTH |T3j |, which may or may not require the system to be in its true ground 
state. 

Therefore, based on all the empirical and theoretical considerations, if the scalar potential 
has more than one minimum, the physical vacuum at present should be determined by the 
evolution of the Universe. 

We concentrate on the TeV-scale CCB minima. Nontrivial minima of the scalar potential 
usually disappear at temperatures T much larger than the mass scales in the potential. In 
a general quantum field theory with several scalar fields, it is sometimes possible to find 
small regions of parameter space which evade this result, e. g., for a gauge symmetry to be 



broken by the finite-temperature corrections WM. However, this does not occur in softly 



broken SUSY theories, because the mass matrix of scalars always receives a positive definite 
contribution |15| AM 2 (T) proportional to T 2 , as long as T is larger than all the masses in the 
theory. (The latter also ensures that the high-temperature expansion, used here implicitly, is 
well defined.) At the temperature ~ 1 TeV, the supertrace sum rule implies that the scalar 



mass matrix, in the basis of eigenvectors of AM (T), receives the following contribution [16 



M% = - Ml + AM 2 (T) = Ml + S f |E \W m f + AY^gl C a {R^T\ (1) 

where Wiki = d 3 W ' j ' dfpidcpjdcpk are the Yukawa couplings in the superpotential W, g a are the 
gauge couplings and C a (Ri) = (T a )| are the corresponding Casimir invariants. 
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Since the one-loop thermal corrections in equation ([!]) are positive, the symmetry will be 
restored at a sufficiently high value of the temperature; in the case of the electroweak scale 
CCB minima, this will happen at T > M s ~ few TeV. If the reheating temperature after 
inflation is higher than a few TeV, then the SU(3) x 377(2) x ?7(l)-symmetric phase will 
be the starting point of the electroweak phase transition. The same is also true |l7j if the 
preheating via parametric resonance decay of the inflaton |TSJ follows inflation. 

As was argued in Ref. |J, at the temperature just above the electroweak phase transition 
there are two possibilities: (i) that of a likely nearly-second-order phase transition into 
a standard minimum, or (ii) a far less probable first order phase transition into a CCB 
minimum. The difference is that transition (i) is associated with T-dependent scalar masses, 
and is second order at tree level, while the CCB minima are driven by large cubic terms 
in the effective potential and are usually strongly first orderQ. Therefore, the evolution of 
the early Universe, under some very general and not very restrictive conditions, appears to 
favor the color and charge conserving minimum. This a priori unexpected benefit of the 
low-energy supersymmetry is remarkable and intriguing. Similar arguments apply to the 
UFB directions. 

For the Universe to remain in a metastable state, the latter should have a lifetime of order 
billions of years. The tunneling rate can be evaluated in the semiclassical approximation 
J|, 19| and is proportional to exp(—S[<f>]), where S[4>] is the Euclidean action of the so called 



"bounce", 4>(x), a solution of the classical Euclidean field equations. In practice, however, 
finding 4>(x) numerically is very difficult (or nearly impossible), especially in the case of a 
potential that depends on more than one scalar field. This is because <f)(x) is an unstable 
solution, as it must be to be a saddle point of the functional S[<j)}. An effective alternative 
to solving the equations of motion is to use the method of Ref. p0[ . The idea is to replace 
the action S with a different functional, S, for which the same solution, 4>(x), is a minimum, 
rather than a saddle point. Then (f>(x) can be found numerically using a straightforward 
relaxation technique to minimize S. 



2 The requirement that the second-order transition into a CCB minimum be impossible imposes relatively 
weak constraints on the scalar mass terms [Hi. 
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A number of constraints arise from requiring the standard vacuum to be the global 
minimum of the potential f||, However, it is clear from the discussion above that 

such a requirement is too extreme and unjustified. It was shown in Ref. [[|] that allowing 
metastability relaxes the constraints on the tri-linear couplings for the third generation of 
squarks, those associated with large Yukawa couplings. 

At the same time, cosmological considerations leave no room for constraints on the MSSM 
parameters from the CCB minima related to smaller Yukawa couplings. As an example, let 
us consider the constraints on flavor- violating terms advocated in Ref. ||. It was argued 
that the tri-linear coupling A that enters in the soft SUSY-breaking term AHer cannot 
exceed the bound 

\A\ 2 <y 2 T (ml + m 2 T + m 2 H ), (2) 

which is more stringent than the experimental limit from the absence of FCNC. Here y T 
is the t Yukawa coupling; e, r, and H are the left-handed electron, right-handed r, and 
Higgs fields, respectively; and m's are their mass terms. The constraint (|2]) results from the 
requirement that there be no minimum of V in the direction |e| = |r| = \H\ = a, along 
which 

V = (m 2 e + m 2 T + m 2 H )a 2 - 2Aa 3 + yla 4 (3) 

If the potential (|3|) has a global minimum at a > 0, this minimum will disappear at 
sufficiently high temperature. By virtue of the same argument as in Ref. [§, we expect 
a nearly-second-order transition into the standard electroweak vacuum to occur before the 
tunneling into a charge-breaking minimum can take place. In fact, since the Yukawa coupling 
is small, the tunneling probability at both finite and zero temperature will be suppressed by 
the exponential of (—1/y 2 ). This makes tunneling practically impossible at T = 0, as well 
as at T > 0. 

The CCB minima associated with small Yukawa couplings appear to be completely iso- 
lated and unreachable except if the scalar mass matrix in the SU(3) x SU(2) x £7(l)-symmetric 
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phase acquires a negative eigenvalue at T > T c , where T c is the electroweak phase transi- 
tion temperature. The latter requires mass-squared terms which are large in magnitude and 
opposite in sign ||, not a generic set of parameters by any means. In addition, the F-term 
contribution of the form \yH f\ 2 to the sfermion / mass matrix at the standard vacuum must 
be larger || than cT c 2 , where c ~ 1. Since \yH\ 2 = mj, the corresponding fermion mass, the 
condition \yH\ 2 = m 2 > cT 2 cannot be satisfied for light fermions. Therefore, the CCB 
minimum associated with a small Yukawa coupling would not be populated either before 
(via a second-order transition or thermal tunneling) or after (by means of tunneling) the 
breaking of the electroweak symmetry. We conclude that cosmological considerations do not 
support a bound of the type (Q). 

Tunneling into a UFB direction can be treated on the same footing with that into a deep 
CCB minimum ||. Therefore, all the above arguments apply to the UFB bounds provided 
that the UFB directions are lifted in the early Universe and the vev's are driven towards the 
ST/ (3) x SU(2) x £/(l)-symmetric minimum. A combined effect of the effective mass terms 
proportional to the Hubble parameter, finite-temperature contributions and supersymme- 
try breaking by the large density scalar condensates during the preheating is to restore the 
electroweak symmetry at temperatures ~ 1 TeV, unless the reheating temperature is unac- 
ceptably low Thus no constraints result from considering the UFB directions related 
to the small Yukawa couplings. 

In summary, we find that only the CCB minima associated with the large Yukawa cou- 
plings provide some constraints on the MSSM parameters, as one requires the standard 
model-like vacuum to be stable with respect to tunneling. 

On the other hand, the existence of vacua with negative energy density is acceptable, 
natural and, in some cases, desirable from a theoretical point of view, and is in agreement 
with all the present data. It is possible, therefore, that, as the future experiments yield 
information about the scalar potential at the TeV energy scale, we may learn that the 
Universe is resting in a false vacuum, — a discovery of Kopernikan importance with far- 
reaching scientific and cultural ramifications. 
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